Cyclophilins are a family of proteins that bind cyclosporin A (CsA) and possess peptidyl-prolyl cis-trans isomerase activity. In addition, they are secreted by activated cells and act in a cytokine-like manner, presumably via signaling through a cell surface cyclophilin receptor. More recently, host-derived cyclophilin A (CyPA) has been shown to be incorporated into HIV-1 virions and its incorporation essential for viral infectivity. Here we present evidence supporting a role for viral-associated CyPA in the early events of HIV-1 infection. We report that HIV-1 infection of primary peripheral blood mononuclear cells can be inhibited by: (i) an excess of exogenously added CyPA; (ii) a CsA analogue unable to enter the cells; (iii) neutralizing antibodies to CyPA. Taken together with our observations that recombinant CyPAinduced mobilization of calcium in immortalized, as well as primary, CD4
The finding that cyclophilin A (CyPA), a cellular protein that binds cyclosporin A (CsA) and possesses peptidyl-prolyl cistrans isomerase activity (1, 2) , is specifically incorporated into HIV-1 virions through interactions with the Gag polyprotein (3, 4) and is required for effective infection (5-8) raised a number of interesting questions about the biology of this phenomenon. Indeed, although viruses are known to use cellular proteins for their benefit, CyPA is the first such protein found to be incorporated into the virion during virus assembly and to perform an important function in the next cycle of viral infection. Because cyclophilins can control protein folding by catalyzing peptidyl-prolyl isomerization (9, 10) , it has been proposed that CyPA may modify the conformation of capsid antigen (CA), a Gag polyprotein cleavage product that binds CyPA (11) , thus promoting uncoating of the virion and formation of the pre-integration complex (PIC) (6) . Consistent with this hypothesis, formation of the functional HIV-1 PIC is associated with dissociation of CA (12, 13) , likely soon after the fusion process.
However, it has not been established yet whether the function of CyPA in HIV-1 infection is accomplished through a direct effect on CA (or other viral proteins), or involves additional cellular proteins on a target cell. This latter possibility is suggested by the finding that CyPA resembles cytokines in two important aspects: it is released into the culture medium by lipopolysaccharide-stimulated macrophages (14) , and it has proinflammatory (15) and leukocyte chemotactic activity (16) . These features suggest that leukocytes might express a cell-surface receptor for CyPA. In this report we provide evidence that interaction between virion-associated CyPA and this putative CyPA-binding receptor is critical for establishing productive HIV-1 infection of target cells.
MATERIALS AND METHODS
Cloning and Expression of Murine CyPA. One microgram of lipopolysaccharide-stimulated murine macrophage RAW 264.7 total RNA was reverse transcribed, and the resulting cDNA amplified by PCR by using a set of cyclophilin-specific primers (5Ј-CCATGGTCAACCCCACC-3Ј and 5Ј-AC-GCTCTCCTGAGCTACAGA-3Ј) that span the murine cyclophilin (cyclophilin A) coding region. The resultant DNA fragment was cloned into the pET14b vector (Novagen), and expressed as a histidine fusion protein. The histidine-tagged CyPA was eluted with 1 M imidazole, and the histidine-tagged leader sequence was removed by proteolytic cleavage with 0.5 units of thrombin per mg recombinant protein. The mixture was then concentrated and purified by FPLC gel filtration chromatography over a Superose 12 column (Pharmacia). Cyclophilin eluted as a sharp peak with an apparent molecular mass of 19 kDa. The material was Ͼ98% pure as judged from silver-stained SDS͞polyacrylamide gels.
Calcium Mobilization Assay. Cells were washed and incubated at 37°C for 30 min with 5 M Fura-2͞AM (Calbiochem) at 10 7 cells per ml in Hanks' balanced salt solution (2 mM CaCl 2 ͞145 mM NaCl͞5 mM KCl͞1 mM MgSO 4 ͞10 mM D-glucose͞10 mM Hepes, pH 7.4) containing 1% fetal bovine serum and 10 M Probenecid (Sigma). After the initial loading period, the cell suspensions were diluted 3-fold with Hanks' balanced salt solution without CaCl 2 and incubated for 10 min at 37°C to ensure complete hydrolysis by intracellular esterase of Fura-2͞AM. Cells were then spun down and resuspended in Hanks' balanced salt solution without serum at 5 ϫ 10 6 cells per ml. The cells were prewarmed at 37°C for 20 min and transferred into an acrylic cuvette. Fluorescence measurements of intracellular Ca 2ϩ were performed on a PerkinElmer Luminescence Spectrometer LS50B at an emission wavelength of 500 nm and a frequency of 1.6 Hz, following excitation at 340 and 380 nm. Final [Ca 2ϩ ] i values were calculated from the ratio of emission at 340͞380 nm excitation according to the standard equation by using dissociation constant of 224 nM for Fura-2.
Advanced Glycosylation Endproduct (AGE) Modification of Murine Cyclophilin. An aliquot of purified recombinant mu-rine cyclophilin (500 g͞ml final) was reacted with glucose (1 M final) in 0.5 M sodium phosphate buffer (pH 7.4) containing 1 mM EDTA for three months at 37°C in a nonhumidified air incubator. Upon completion, the reaction mixture was dialyzed to remove noncovalently attached low molecular mass reactants, aliquoted, and stored frozen at Ϫ20°C until used for immunization of rabbits (17) .
Generation of Rabbit Anti-Cyclophilin and Anti-AGEModified Cyclophilin Antisera. Female New Zealand white rabbits were immunized with either cyclophilin (50 g) or AGE-modified cyclophilin (125 g) emulsified in 1.0 ml saline plus 1.0 ml complete Freund's adjuvant. Animals were administered booster injections monthly with the same antigen emulsified in 1.0 ml saline and 1.0 ml incomplete Freund's adjuvant. Blood was withdrawn 7 days and 14 days following each booster injection, and the serum fraction was recovered and stored frozen at Ϫ20°C.
Affinity Purification of Anti-Cyclophilin Serum. Five milliliters of polyclonal rabbit anti-AGE-CyPA serum that had been dialyzed overnight against 10 mM Tris (pH 7.5) was loaded onto a column prepared by coupling recombinant murine CyPA to Sepharose-4B. Cyclophilin-specific antibodies were eluted with 100 mM glycine⅐HCl (pH 2.5). One ml fractions were collected and pH was adjusted to 7.4 by the addition of 1 M Tris (pH 9.0). Peak fractions were pooled, dialyzed against 0.05 M sodium phosphate (pH 7.0), and then further fractionated by using protein A Sepharose chromatography to purify Ig fraction.
Preparation of CsA-Poly(Ethylene Glycol) (PEG). The CsA analog, D-diaminopropionic 8 (tert-butyloxycarbonyl)-CsA (18) was deprotected and the resulting 8-amino-CsA covalently attached to PEG according to previously established procedures (19, 20) . To prepare the control reagent (X-PEG), the reaction was performed identically with the exception that 8-amino-CsA was omitted. Immediately prior to use, aliquots of CsA-PEG and X-PEG were diluted into ethanol and remaining traces of methylene chloride were removed by blowing a slow stream of nitrogen over the sample.
Cross-Linking of 125 I-Labeled Murine Cyclophilin to Membrane Proteins on H9 Cells. Recombinant murine CyPA was iodinated by using the Bolton-Hunter reagent (NEN) according to manufacturer's instructions. The resulting reagent had a specific activity of 1.6 ϫ 10 2 Ci͞mol. H9 cells were harvested, washed in ice-cold PBS, and 1.25 ϫ 10 7 cells were transferred to a clean tube. The cells then were pelleted by centrifugation and resuspended in 0.5 ml ligand binding medium (RPMI 1640 medium supplemented with 25 mM Hepes and 1% BSA), and 100 nmol of 125 I-cyclophilin (either alone, or in combination with a 100-fold excess of cold cyclophilin) was added. After a 60-min incubation on ice, cells were pelleted at 500 ϫ g, and supernatant discarded. The pellet was resuspended to 1.25 ϫ 10 6 cells per ml in cross-linking buffer (PBS supplemented with 1 mM MgCl 2 ), and dithiobis(succinimidylpropionate) was added to a final concentration of 2 mM. The reaction mixture was incubated at 16°C for 20 min, at which time 1 volume of TE buffer (50 mM Tris⅐HCl, pH 7.4͞1 mM EDTA) was added to stop the reaction. Cells were washed three times in ice-cold TE buffer, and then extracted in lysis buffer (50 mM Tris⅐HCl, pH 7.6͞300 mM NaCl͞0.5% Triton X-100). After centrifugation, the lysates were analyzed by SDS͞PAGE electrophoresis and autoradiography.
Viruses, Cells, and Infection. The T-lymphotropic strain HIV-1 RF (21) was used to infect peripheral blood mononuclear cells (PBMCs), and the macrophage-tropic HIV-1 ADA (22) was used for infection of primary macrophages. Macrophage and PBMC cultures were prepared as described elsewhere (H. Schmidtmayerova, M. Alfano, G. Nuovo, and M. Bukrinsky, unpublished data). Prior to infection, viral stocks were treated with 200 units͞ml of RNase-free DNase for 1 hr at room temperature to eliminate contaminating virus-specific DNA.
Cells were infected for 2 hr at 37°C with an amount of virus corresponding to 1.5 ϫ 10 5 cpm͞ml of reverse transcriptase activity per 1 ϫ 10 6 cells. After infection, macrophages were treated with Trypsin-EDTA (0.05% Trypsin͞0.53 mM EDTA, GIBCO͞BRL) for 5-10 min at 37°C. Trypsin treatment was stopped by the addition of medium containing 10% human serum, and cells were then washed with serum-free DMEM.
PCR Analysis of Infection. PCR analysis of HIV-1 DNA and RNA was performed as described elsewhere (H. Schmidtmayerova, M. Alfano, G. Nuovo, and M. Bukrinsky, unpublished data). Dilutions of 8E5͞LAI cells (23) containing one HIV-1 provirus per cell were used as standards.
RESULTS
Exogenous CyPA Inhibits HIV-1 Infection. Primary PBMCs were infected with the HIV-1 RF strain in the presence of various concentrations of recombinant CyPA, and viral replication was monitored by the reverse transcriptase (RT) activity in culture supernatants. To account for the well-documented donor-dependent variability in infectivity of PBMCs, experiments were repeated on PBMCs from six different donors, each performed in triplicate, and the results were tabulated as the percent inhibition of RT activity in CyPA-treated versus untreated (control) cultures from the same donor. Exogenously added CyPA was found to inhibit HIV-1 replication, with the maximal inhibitory effect achieved at CyPA concentrations 12.5 g͞ml (Fig. 1A) . Surprisingly, higher concentrations of CyPA gave less inhibition, resulting in a bell-shaped dose response curve ( Fig. 1 A) . The level of HIV-1 suppression in culture is a cumulative result of multiple events during many rounds of viral replication. Thus, this experiment did not allow us to identify any specific step of viral replication affected by exogenous addition of CyPA. Because previous studies suggested that virion-associated CyPA is involved in a step of infection following binding of the virus to the cell but preceding reverse transcription (6), we analyzed the effect of exogenous CyPA on virus entry. For this experiment, we used CyPA in concentrations close to the concentration (12.5 g͞ml) giving maximal inhibitory effect in a long-term culture. Early products of reverse transcription were assayed by a quantitative PCR technique 2 hr after infection of T lymphocytes. Amplification of a set of standards with known concentrations of the HIV-1 template was performed in parallel to establish the relationship between the amount of the template and the quantity of the amplified product (Fig. 1B, Lower Left) . Tubulin DNA was amplified to normalize for the concentration of DNA in each lysate. The presence of CyPA during infection reduced in a dose-dependent manner the amount of HIV-1 cDNA present as the early product of reverse transcription (Fig. 1B, Upper Left) . The amount of radioactivity in the bands was quantified on the Packard Direct Imager (Fig.  1B, Right) . A 80-90% reduction in the amount of viral DNA was observed in cells treated with 10-20 g͞ml of CyPA. Because PCR primers used in this reaction amplify an early product of reverse transcription synthesized before the first strong-stop (24), the detected HIV-1-specific fragment reflects mostly viral DNA that entered the cell with the infecting virus (25) . In support of this was the observation that the synthesis of this product was partially resistant to 3Ј-azido-3Ј-deoxythymidine inhibition (not shown). This result, therefore, indicated that exogenous CyPA interfered at least in part with early events in the entry of the virus. To directly test this conclusion, and also to demonstrate the role of CyPA in a different virus-cell system, we measured viral RNA uptake by macrophages infected with a macrophage-tropic strain HIV-1 ADA . Two hours after infection, cells were washed and treated with trypsin to remove virus that had not entered the cells. CyPA-Binding Sites on CD4 ؉ T Lymphocytes. To demonstrate the presence of CyPA-binding sites on CD4 ϩ T lymphocytes, we incubated iodinated CyPA with H9 cells (an immortalized CD4 ϩ T cell line) in the absence or presence of a 100-fold excess of cold CyPA as competitor. After crosslinking of the surface molecules with dithiobis(succinimidylpropionate), proteins were extracted with Triton X-100 and analyzed by SDS͞PAGE and autoradiography. Iodinated CyPA was associated with a high-molecular mass band that did not migrate out of the stacking gel under nonreducing conditions ( Fig. 2A, Right) . Association of 125 I-CyPA with this high-molecular mass complex was blocked by a 100-fold excess of cold CyPA. When proteins were analyzed by reducing SDS͞PAGE (Fig. 2 A, Left) , free CyPA was released from the complex. These results suggested that CyPA binds to a complex structure on the surface of CD4 (Fig. 2B, Left) and in primary CD4 ϩ T lymphocytes (Fig. 2B,  Right) . Interestingly, both quiescent and phytohemagglutinin plus interleukin 2-activated CD4 ϩ T cells responded to CyPA (Fig. 2B, Right) , indicating that the receptor for CyPA is not regulated upon T cell activation. Similar results were obtained with human CyPA (not shown), which differs only in three amino acids from its mouse homologue (26) .
HIV-1 Infection Can Be Inhibited by Extracellular CsA. The interaction between virion-associated CyPA and a CyPAbinding protein on a target cell may occur either during or after the fusion of viral and cellular membranes. In the first scenario, virion-associated CyPA may become exposed at some point during the process of virus-cell interaction. To test this possibility, we used polyethyleneglycol-modified CsA (CsA-PEG, Fig. 3A ). Addition of a bulky side group to CsA blocked entry of this compound into T cells, as revealed by the lack of inhibition of T cell proliferation (Fig. 3B) . Nevertheless, CsA-PEG could still partially inhibit HIV-1 infection of T cells (Fig. 3C) . Although not complete, inhibition by CsA-PEG was similar to that by unmodified CsA (Fig. 3C) , suggesting that virus-associated CyPA becomes accessible for extracellular interaction with CsA-PEG during virus-cell interaction.
Anti-CyPA Antiserum Inhibits HIV-1 Infection. The finding that virion-associated CyPA becomes accessible for extracellular interaction suggested the possibility that HIV-1 infection could be inhibited by antibodies recognizing CyPA. To generate such antibodies, rabbits were immunized either with recombinant mouse CyPA, or with mouse CyPA modified by AGE (AGE-CyPA). The AGE modification strategy was employed as it has been shown to enhance the immunogenicity of conserved proteins (17, 27) . Although sera from both rabbits reacted with CyPA from a lysate of murine macrophages in a Western blot assay (Fig. 4A, Upper) , only sera from rabbits immunized with AGE-CyPA could immunoprecipitate metabolically labeled murine CyPA (Fig. 4A, Lower) . A similar result was obtained with CyPA from human T cells (data not shown). Sera from AGE-CyPA-immunized animals was fractionated on a CyPA affinity resin, and the affinity-purified antibodies were used in blocking experiments. Two concentrations of affinity purified antibodies (2 g͞ml and 5 g͞ml) were added together with HIV-1 RF to PBMC cultures and infection was monitored by analysis of viral RT activity in culture supernatants. Anti-AGE-CyPA antibodies inhibited HIV-1 infection in a concentration-dependent manner (Fig.  4B) . To determine whether exogenously supplied anti-AGECyPA antibodies inhibited viral entry, we analyzed the uptake of HIV-1 RNA in the same manner as for exogenous CyPA, by using primary macrophages infected with HIV-1 ADA . Here whole serum from rabbits immunized with AGE-CyPA reduced the amount of intracellular viral RNA by 55% compared with cells treated with preimmune serum (Fig. 4C) .
DISCUSSION
Results presented in this report demonstrate that HIV-1 infection can be inhibited in vitro by agents targeted to the interaction between virion-associated CyPA and putative CyPA-binding sites on CD4 existence of signal-transducing CyPA-binding sites is consistent with the published data reporting the presence of secreted CyP(s) in biological fluids (15, 16) and culture medium supernatants (14, 28) , which possess functions usually attributed to cytokines and growth factors (14, 16, 29, 30) . A receptor for another member of the cyclophilin family, cyclophilin B (CyPB), which is highly homologous to CyPA, has been recently identified on CD4 ϩ T lymphocytes (31, 32 ). An earlier report (31) suggested that this receptor is not shared by CyPA. However, a possibility remains that CyPA binds to this receptor with a lower affinity than CyPB, thus explaining the inability of CyPA to compete with CyPB in a surface binding assay (31) .
The presence of CyPA-binding sites on CD4 ϩ T cells suggested to us that the process of HIV-1 infection might involve interaction between such sites and virion-associated CyPA. To discriminate between this possibility and the model suggested by others (6, 33, 34) whereby the role of CyPA is to regulate folding of CA during the PIC formation (6, 35) , we used an excess of recombinant CyPA to compete with virionincorporated CyPA for interaction with the putative CyPAbinding site. The observed inhibition of viral replication by exogenous CyPA (Fig. 1) suggested that interaction with a CyPA-binding site was required for infection, because the folding function can presumably be mediated equally well by both exogenous and virion-associated cyclophilins and thus would not be affected by excess exogenous CyPA. The inhibitory effect of added soluble CyPA on HIV-1 replication had an unusual bell-shaped dose response curve (Fig. 1) . This suggests that CyPA at higher concentrations may have distinct stimulatory activity on viral replication. Consistent with this explanation is our finding that high concentrations of CyPA induced calcium flux in T cells (Fig. 2B) , an indicator of receptor-mediated signaling often associated with cell activation. As T cell activation is associated with high levels of virus production, CyPA at high concentrations may well stimulate HIV-1 replication. This explanation is also consistent with a much higher inhibitory activity of CyPA measured by PCR under one infection cycle conditions (Fig. 1B) , when only viral entry is evaluated, than observed in a long-term culture (Fig.  1 A) .
Our results indicate that agents targeting interaction between viral CyPA and surface-associated cellular CyPAbinding protein(s) reduce HIV-1 entry (Figs. 1 B and C and  4C) . Therefore, CyPA-binding sites on target cells appear to function as co-receptors for the virus, in addition to previously identified CD4 and chemokine receptors (reviewed in ref. 36 ). However, in contrast to classical HIV-1 receptors, dependence of virus-cell fusion on CyPA may not be absolute. Indeed, CyPA did not inhibit fusion in an Env-mediated cell-cell fusion assay (E. Berger, personal communication). A possible explanation for this discrepancy is that virion-associated CyPA serves to accelerate or otherwise enhance virus-cell fusion, but is not indispensable. This interpretation is consistent with the relatively mild inhibition observed in our assays compared with the dramatic effect on viral entry of ligands for chemokine receptors (reviewed in ref. 36) .
The effect of CyPA on viral entry does not exclude the possibility of a CyPA-mediated activity at a later step of infection, in particular at the step of virus uncoating and PIC formation. One of the major protein rearrangements associated with the formation of the HIV-1 PIC is dissociation of the CA protein from the viral core (12, 13, 37) . Formation of the CA-CyPA-CyPA receptor complex may by itself promote dissociation of CA from the viral core and thus facilitate uncoating and the process of PIC assembly. Consistent with this model, the presence of recombinant CyPA during HIV-1 infection resulted in the same phenotype as that observed with CyPA-deficient virus, i.e., infection was blocked at an early step prior to initiation of reverse transcription. It appears likely that the same CyPA binding site is involved in both entry and postentry steps, thus providing the link between the fusion process and uncoating of HIV-1.
Interaction between the virion-associated CyPA and CyPA binding site may occur either during the fusion step, or after fusion (i.e., inside the target cell). Our finding that PEGmodified CsA (CsA-PEG), which did not have immunosuppressive activity (Fig. 3B ) most likely due to its inability to enter the cells, could still inhibit HIV-1 infection (Fig. 3C) , suggests that virion-associated CyPA becomes accessible to the extracellular compartment at some point during the fusion process. This is quite a surprising observation, given a demonstrated localization of CyPA inside the virion, presumably within a core structure (5) . A possible explanation for this finding may be that CyPA protrudes through the viral envelope in the places of contact between viral envelope and the core (38) . Alternatively, CyPA may become partly exposed during the fusion process as a result of perturbations of the viral membrane. Consistent with this explanation, the magnitude of the inhibitory effect of CsA-PEG was less than that of exogenous CyPA (Fig. 3C) , indicating that viral CyPA was only partially accessible.
Inhibition of HIV-1 infection by CsA-PEG suggested that a similar effect might be achieved with antibodies to CyPA. Indeed, anti-CyPA antibodies inhibited HIV-1 infection in T cells (Fig. 4) . Obtaining neutralizing antibodies that recognize native CyPA was complicated by the high degree of interspecies conservation of cyclophilins (26) , leading to immunologic tolerance to native cyclophilins. To circumvent this problem, we used as immunogen CyPA modified by advanced glycation (AGE-CyPA) (17, 27) . Glycation is believed to alter antigen processing, such that new epitopes, which are not normally immunogenic, are presented for antibody generation (27) . This can lead to antisera that recognize conserved native epitopes, and in this case, antisera against AGE-CyPA immunoprecipitated native, unmodified CyPA (Fig. 4A) and reduced viral infection (Figs. 4 B and C) .
The possibility of inhibiting HIV-1 infection by using extracellular CyPA-targeting agents is potentially attractive. Of course, additional studies are required to investigate the dependence of various primary isolates on CyPA and their sensitivity to CyPA-targeting reagents. Although one published report (39) suggested that most HIV-1 clades from group M require CyPA for replication, our analysis demonstrated differential sensitivity of primary HIV-1 isolates to inhibition by CyPA and anti-CyPA antibodies. The primary nonsyncytium-inducing isolate 92US072 was more sensitive than 92US660, and both were less sensitive than an SI virus 92UG021 (L.D. and M.B., unpublished results). In addition, the magnitude of inhibitory effect was cell donor-dependent.
Utilizing virus-associated CyPA as a drug target potentially avoids the problem of viral resistance. Because CyPA is host-derived, escape mutants could not easily develop. Disruption of CyPA packaging into HIV-1 virions by mutations or by CsA renders the virus defective in replication (3, 4, 6) . Although mutants resistant to CsA have been obtained (35, 40) and shown to be independent of CyPA, their replication was dependent on the presence of CsA, at least in certain cell types (35) . Because virus assembly occurs intracellularly, CsA-PEG would not be expected to be incorporated into HIV-1 virions, and if CsA-resistant mutants would spontaneously arise in vivo, they would still be defective in replication. Targeting CyPA in the HIV-1 virions with cyclosporins having a bulky side-chain would potentially avoid immunosuppressive and other side effects associated with the intracellular activities of CsA.
Our results also suggest an alternative approach to developing an anti-HIV vaccine, by inducing immunity against CyPA. Vaccination might be performed either by passive introduction of anti-CyPA antibodies, or by immunization with AGE-CyPA, as shown in this report. Although little is known about the normal function of extracellular CyPA, the fact that animals used for production of anti-AGE-CyPA antibodies did not show signs of toxicity indicates that under normal conditions such immunity does not have an adverse effect. A more detailed morphologic analysis of organs from such animals, as well as studies of their immune reactions to various infections, would help to determine the safety of this approach and its validity for preventing HIV-1 infection.
